Variable resistors were constructed from epitaxial SrRuO 3 (SRO), La 0.67 Sr 0.33 MnO 3 (LSMO) and SrTiO 3 layers with perovskite crystal structure. Each layer was patterned separately by lithographic methods. Optimized wet chemical etchants and several polishing steps in organic solvents allowed good epitaxy of subsequent layers, comparable to epitaxy on pristine substrates. Periodate as the oxidizing agent for SRO and iodide with ascorbic acid as the reducing agents for LSMO were used to attack these chemically resistant oxides. The final devices changed their conductance in a similar manner to previously described variable resistors that were defined with shadow masks.
I. INTRODUCTION
Ionic transport on the nanoscale at very high electrical field strength in the MV /cm range is crucial for the functioning of redox memory and electrochemical metalization cells [1] . These two alternative solid state computer memory concepts promise properties that could in the future surpass the established Flash EEPROM [2] . The very high electrical field contributes a significant part of the activation energy of ionic jump processes in these devices, which leads to an exponential increase of transport speed with applied voltage [3] [4] [5] . Localized heating caused by high local current density can also contribute to accelerated ionic transport [6] . We showed in a previous work [7] that an all-oxide epitaxial crossbar structure with a SrTiO 3 (STO) dielectric sandwiched between Sr-doped La 2 CuO 4 electrodes has a highly systematic switching behavior of the in-plane electrode conductivity as a function of applied current and write time, which could help to investigate oxygen transport in the highfield regime. The device that we used in the previous work is, however, so large that the parasitic voltage drop inside the conducting electrodes leads to localized writing where the field strength is highest. The thickness of the device structures is, furthermore, uneven due to the shadowing effect of the masks. This makes a quantitative interpretation of the results very difficult. Analysis of the device's scaling behavior shows that smaller devices should be affected by localized writing to a lesser degree. Therefore it is desirable to not use shadow masks but to create such structures by using lithographic methods that allow dimensions and precise alignment down to the µm range. Doped La 2 CuO 4 for the electrodes is not an ideal choice for patterning with photolithography because this material is hygroscopic and nanometer-thick films degrade within hours in contact with moist air and very quickly in contact with water. The developers for common photoresists are alkaline aqueous solutions, and deionized water is used for rinsing after development. This means that electrodes and alignment markers made from this material do not survive repeated patterning steps with standard photolithography. It is therefore desirable to choose different materials for the conducting electrodes that are stable at least in moist air, water and alkaline aqueous media. Two stable oxides with good conductivity are SrRuO 3 (SRO) and La 0.67 Sr 0.33 MnO 3 (LSMO). Similar to La 2 CuO 4 , LSMO changes its resistivity as a function of oxygen content which should make it suitable as an electrode material [8] .
Ion beam milling with argon is commonly used to pattern such oxide thin films, but it has three disadvantages. First, the thickness of etched films with only photoresist as the mask is limited to about 50 nm to 100 nm because of the fast degradation of the resist under ion bombardment. Second, the milling rate of all oxides is similar so that only mass spectrometer data or precise timing can be used to determine the end point. And third, ion bombardment amorphizes the surface and can lead to a stoichiometry change because of preferential sputtering [9] [10] [11] . This makes subsequent epitaxy difficult and leads to rough layers, misaligned crystal grains and precipitates in following layers. Argon ion beam milling is therefore only acceptable if the layer quality on top of etched areas is not a concern.
In contrast to argon ion beam milling, wet chemical etchants can be selective for a specific material without attacking the photoresist and other materials present on the sample. They can have very high etch rates and also allow underetching because of their undirected attack. If they are properly chosen for a given material combination, they leave a clean surface without damarXiv:1301.4828v1 [cond-mat.mtrl-sci] 21 Jan 2013 age to the underlying crystal structure [10, 11] . Selective wet chemical etching is therefore advantageous to create complex epitaxial heterostructures with repetitive patterning and deposition steps. A proper combination of directional, unselective ion beam etching with selective, isotropic chemical etching provides a wide range of possibilities to build complex three-dimensional heterostructures. Chemical etchants have to be developed and optimized individually for each material and material combination. Much less information on chemical etching of common functional oxides is available compared to other materials used in the semiconductor industry. The amount of work required until a viable manufacturing procedure is found can therefore be significant.
For LSMO, concentrated hydrochloric acid [12] , HCl with KI in water [13] , ammonia-buffered hydrofluoric acid (BHF) [14] and citric acid solution at elevated temperature [15] are known etchants. All these etchants rely on the reduction of insoluble Mn(IV) in LSMO to more soluble Mn(II). Mn(IV) can oxidize Cl -to Cl 2 according to MnO 2 + 4
is not reduced, insoluble MnO 2 precipitates are left behind. 10 % HF, for example, does not etch LSMO [17] , in contrast to BHF containing ammonia, which can act as a reducing agent [16] . The reaction is perhaps catalyzed by F -through an intermediate species,
, that in turn oxidizes ammonia [18] . For SRO, only a solution of ozone in water [19] is known as a wet etchant. The ruthenium in SRO has the oxidation number IV as in RuO 2 . This compound is insoluble in acids and bases and is responsible for the chemical stability of SRO. Oxidation of RuO 2 to volatile RuO 4 with NaIO 4 and other oxidants dissolved in water is documented by Griffith [20] . This suggests that such oxidants can also etch SRO according to Eq. (1) by turning the insoluble Ru(IV) into RuO 4 . The remaining strontium oxide is then easily dissolved in the aqueous solution.
Pourbaix diagrams [21] of all elements in a sample together with Pourbaix diagrams of potential etchants can help to find a good composition and pH range.
II. EXPERIMENTAL DETAILS
Here we present a miniaturized version of the previously shown device [7] . This new version was manufactured by lithographic methods instead of shadow masks and uses SRO and LSMO instead of doped La 2 CuO 4 for the conducting electrodes. The device structure is shown schematically in Fig. 1 . The materials, thicknesses and heater temperatures during deposition of the layers that compose the device structure are listed in Table I A thin LSMO bridge (V) at the bottom forms the channel and is contacted on both ends by SRO (VI) (terminals Ch1, Ch2). The STO dielectric (IV) covers the crosssection area completely and is topped with the gate electrode (III) in the form of another bridge orthogonal to the channel with terminals G1, G2. The device is then covered with a thin STO passivation layer (II) protecting against atmospheric influences. The silver layer (I) contacts the channel and the gate through holes in the passivation and the dielectric layer.
channel has a width of 80 µm and the gate has a width of 40 µm. These dimensions were chosen as a compromise. On the one hand, the problems with parasitic voltage drops are reduced by miniaturization, but on the other hand, the resistance between channel and gate through the dielectric has to be low enough to allow measurements of the dielectric's characteristic curve with the given instruments.
All the layers were deposited in a high-pressure oxygen sputtering system [22] on BHF-terminated STO(100)k substrates from Crystec, Berlin. The deposition temperatures are to be understood as the heater temperature. Actual sample temperatures vary with the gas pressure. The samples were first heated to 950 ℃ heater temperature under vacuum with a background value lower than 4 · 10 −6 mbar. Then they were cooled to deposition temperature at an oxygen pressure of 100 mbar. Subsequently, the pressure was lowered to 3 mbar and the target was pre-sputtered for 5 minutes. The deposition rate for SRO was about 22 nm /h, for LSMO 55 nm /h and for STO 12.5 nm /h. LSMO layers were heated to 950 ℃ after deposition, the pressure was increased to 500 mbar O 2 and the sample was annealed for 1 h, during which it cooled to about 850 ℃ due to limited heater power and increased cooling by the gas atmosphere. Other layers were directly cooled down at a pressure of 500 mbar.
Several etch and growth tests were carried out with numerous test samples of LSMO and SRO layers. The results are given in Table II and III. Polishing the surface repeatedly with a cotton swab inside water or organic solvents helped to reduce the number and size of precipitates on the surface after etching, because the oxide crystal surface is mechanically much harder than the floccose and loosely attached precipitates. The precipitates seem to appear especially after treatment with strong acids. A possible explanation is that strong acids leach Sr 2+ from the STO surface according to Eq. (2), leaving TiO 2 or the corresponding hydroxide behind.
LSMO layers that grew on an STO surface after concentrated HCl etching of LSMO had a higher roughness than LSMO layers after etching with dilute HCl and KI. This etchant with ascorbic acid as antioxidant to prevent the solution from turning brown upon contact with air was therefore chosen for LSMO. For SRO, NaIO 4 solution was chosen because of its suitable etch rate and near-neutral pH.
AZ 5214E photoresist spin-coated at 4000 rpm and the developer AZ 326 MIF were used for both etching (positive) and lift-off (negative) steps with the usual processing parameters.
After each chemical etching step, the samples were rinsed quickly in water and then rubbed immediately with a cotton swab inside ethanol or isopropanol in order to remove soft residuals or precipitates from the surface. This treatment also removed the photoresist. The samples were cleaned again with an ultrasonic treatment and by rubbing in both acetone and isopropanol before the next deposition step.
The STO dielectric and passivation layers were etched by argon ion beam milling under an incident angle of 45°while the sample was rotating. The etch rate was calibrated with a reference STO thin film deposited on NdGaO 3 to detect the endpoint with a mass spectrometer. After the ion beam etching steps, the samples were cleaned by ultrasound in acetone and isopropanol and subsequently oxidized in a Tepla 300 plasma processor for 30 minutes at 300 W power, 200 sccm O 2 and a pressure of about 0.7 mbar in order to remove cross-linked resist residuals. The final metal contacts were created by lift-off of a sputtered silver layer.
The finished devices were measured by the same procedure and setup as described in our previous paper [7] . The current through the dielectric was applied to terminals Ch 1 , G 1 and the voltage was measured on terminals Ch 2 , G 2 (Fig. 1 ). The positive current direction is defined as being from the channel to the gate.
III. RESULTS AND DISCUSSION

A. Structural characterization
The crossover area between channel and gate is critical for the operation of the device. This area should therefore be of very good quality with uniform layer thickness, smooth surface and without defects. Fig. 2 (a) and (b) show AFM images after the deposition of the dielectric. The dielectric had a very smooth surface on top of the LSMO channel layer as well as the STO substrate without visible precipitates or misaligned grains. It covered the step between LSMO channel and substrate without any detectable disruption (Fig. 2 (a) ). Fig. 2 (b) shows the excellent epitaxial growth of the STO dielectric layer on top of the STO substrate surface where SRO as well as LSMO were grown and subsequently etched away. For comparison, growing an STO dielectric layer on an STO substrate surface after LSMO etching with argon ion milling and subsequent annealing at about 900 ℃ in 20 mbar O 2 for 1 h (Fig. 2 (c) ) gave a much rougher surface with a grainy texture. This demonstrates how chemical etching is far superior to ion beam milling in order to structure buried epitaxial layers.
B. Electrical characterization
The electronic current I el through the dielectric as a function of voltage U behaved like through two antiparallel series-connected diodes with large reverse current (Fig. 3) and could be described by the equation I el = I 0,el (exp (a el × U ) − 1) for negative and positive currents with parameters I 0,el and a el . This behavior A comparable behavior of STO/LSMO junctions was found by Yajima et al. [23] .
The conductance of the channel changed systematically with the applied current and duration (Fig. 4) , but the relative change is about one order of magnitude smaller than that of our previous device [7] despite the higher maximum current density (now 6.25 A /cm² instead of 2.4 A /cm²). The current-voltage characteristic of the dielectric and the conductance of the gate did not change systematically as a function of the current direction within the measurable range. This excludes leakage paths through the dielectric causing the channel's systematic conductance change. The device burned out at the highest current of 200 µA (Fig. 5) and at an approximate maximum write voltage of 6.5 ± 0.5 V. The voltage during writing was not measurable in our previous work because of the parasitic voltage drop inside the electrodes. The miniaturized device was much better in that respect, because the channel and gate resis- . Channel conductance change induced by alternating write steps through the dielectric with increasing current and duration. The write time was increased from a minimum value of about 3 s (lowest current value) or 3 ms (highest current value) to 100 s during each current step. The device burned out after around 28 h, which led to an irreversible drop in the channel conductance.
tance remained constant with lateral proportional scaling, while the crossover area was drastically reduced. This means that the same current density in the dielectric was reached at a much lower total current and hence a much lower voltage drop inside the electrodes. 
IV. CONCLUSION
The wet etching processes for SRO and LSMO presented here are optimized to give excellent oxide epitaxy on etched surfaces and are highly selective, leaving photoresist and STO intact. The etch process for SRO also does not attack LSMO, and vice versa. Many oxides that are sufficiently stable in water and diluted acids, including many common substrates, should also not be affected. Using oxidation or reduction at a suitable pH seems to be a good approach to design etchants for other mixed oxides with a transition metal ion in an insoluble oxidation state.
It is considerably more difficult to create an epitaxial heterostructure with lithographic methods instead of simple shadow masks. More work is required, the layers may degrade and subsequent layers have defects unless the right combination of materials, structuring methods and surface conditioning steps is found. The structures created with lithography can, however, be much smaller, precisely aligned, arbitrary shapes are possible and the layers have a well-defined thickness over the entire device area: see, for example, Fig. 2 (a) .
We also show in this paper that, as expected, scaling down the devices reduces the problems with parasitic voltage drops and increases the maximum theoretically possible current density. Why the LSMO channel changes its conductance only minimally must be investigated in subsequent experiments. This could be related to the results of Li et al. [24] who found at intermediate temperature a superior performance of La 2 CuO 4 -based cathode materials for solid oxide fuel cells compared to LSMO-based cathodes in terms of oxygen exchange and oxygen transport speed.
